The aim of the present study is to analyze the magnetohydrodynamic micropolar Carreau nano uid ow past a stretching sheet. Viscous dissipation, internal heating, Joule heating, and linear thermal radiation e ects are also incorporated into the energy equation. The system of governing PDEs is transformed into the ODEs by invoking the similarity transformation. The shooting method is implemented to solve the system of ODEs. The in uence of pertinent parameters on ow distributions is analyzed graphically and discussed in detail. The uid motion upsurges for the larger values of the Weissenberg number and the material parameter, while the reverse situation is studied in the thermal and concentration pro les.
Introduction
Non-Newtonian uids with magnetohydrodynamic (MHD) are of fundamental and practical signi cance in industrial and engineering applications. Such types of uids play a vital role in plasma, fossil fuels, blood ows in the circulatory system, production of glass ber, petroleum production and magma dynamics, etc. MHD heat transfer has many applications, examples of which are included in biomedical engineering, metallurgical, mental working process (such as magnetic drug target), etc. UCM uid with MHD e ects past a stretching sheet was explored by Abel et al. [1] , and it was reported that the wall temperature was escalated for higher values of the Prandtl number. Abbasbanday et al. [2] studied the MHD Oldroyd-B uid and observed the analytical solution of Falkner-Skan ow. They observed that the velocity components had reverse e ects on the parameters of relaxation and retardation times. MHD thermosolutal Marangoni convection of power law uid was ascertained by Jiao et al. [3] , and it was reported that the energy eld upsurged and, thus, increased mass Marangoni Number. Hsiao [4] studied the radiative EMHD Carreau nano uid with activation energy. Wakif et al. [5] reported the numerical analysis of the longitudinal convective rolls in a porous medium. The study was conducted in the presence of the magnetic eld, and the medium was lled with nanoparticles. By considering the Arrhenius activation energy and binary chemical reaction, Kumar et al. [6] determined the MHD Carreau uid. One of the key ndings of this study was that the momentum boundary layer thickness upsurged and, then, escalated Weissenberg number. Atif et al. [7] analyzed the MHD squeezed Carreau uid ow over a sensor surface, and observed that the surface drag was enhanced with an increment in the permeable velocity. For further details, see [8] [9] [10] [11] . Eringen [12, 13] extended the theory of micropolar uids for the stretching sheet in 1969. Bilal et al. [14] studied the MHD micropolar nano uid with the variable thermal conductivity. They reported that the gradual increase of thermal radiation parameter caused a decline in the velocity pro le. MHD mixed convection micropolar uid ow through a rectangular duct was studied by Ayano et al. [15] , and they observed that the ow reversal increased and velocity decreased as the magnetic eld was intensi ed. Roy and Gorla [16] analyzed the time-dependent MHD micropolar uid past a wedge, and explored that the magnetic eld parameter considerably a ected the amplitude of the drag coe cient. Hsiao [17] analyzed the MHD micropolar nano uid with viscous e ects. One of the main observations was that the material parameter and the magnetic number had reverse e ects on the velocity and thermal pro le. Soundalgekar and Takhar [18] determined the e ect of thermal radiation phenomenon on micropolar uid in continuously moving plates, and found that an increment in the coupling constant enhanced the micro-rotation. Free convective micropolar uid ow with heat source was explored by Mishra et al. [19] , and they argued that heat source resulted in the depreciation of the momentum boundary layer. El-Dabe et al. [20] reviewed the stagnation point of MHD micropolar ow on a vertical plate and found its numerical solution. According to their main conclusion, with the enhancement of the material parameter, the axial velocity declined both in assisting and opposing ows. Atif et al. [21] analyzed the MHD bioconvective micropolar nano uid, and found that the density pro le upsurged as the mass strati cation parameter increased. The phenomenon of thermal radiation plays a vital role in the heat and mass transfer, and researchers conducted many studies to highlight its importance. For further study, see details in [22] [23] [24] [25] [26] .
Choi's concept [27] of nano uids is widely used by the researchers to make the heat transfer more e cient. Later on, many researchers have incorporated the nanoparticles, which are usually made of carbides, metals, metal oxides or carbon nanotubes with di erent base uids to study di erent phenomena. Sheikholeslami and Rokni [28] studied the convective heat transfer of nano uid ow in a porous cavity by considering Brownian motion e ects, and found that the temperature gradient reduced with an increase in the porosity parameter. Oyelakin et al. [29] explored the Casson nano uid with slip conditions, and concluded that the temperature eld declined as the Dufour parameter increased. Hsiao [30] investigated the stagnation EMHD nano uid with slip boundary and mixed convection past a stretching sheet. One of the main implications was that the heat transfer increased as the stagnation parameter upsurged. Casson nano uid ow over a porous surface with viscous e ects was studied by Palaniammal and Saritha [31] , and they observed that the species concentration distribution showed improvement by the enhancement of nanoparticles volume fraction and the Casson uid parameter. Madhua et al. [32] worked on timedependent MHD Maxwell nano uid over a stretching sheet with thermal radiation e ects, and reported that the surface drag coe cient was diminished as the Maxwell parameter was intensi ed. Ferdows et al. [33] discussed the heat and mass transfer characteristics of MHD nanao uid. It was found that the enhancement of the Eckert number increased the energy pro le, while the concentration pro le declined gradually. In an exponential sheet, Vijayalaxmi et al. [34] explored the MHD stagnation point of Eyring-Powell nano uid uid. Time-dependent tangent hyperbolic uid ow past a wedge with nanoparticles was ascertained by Atif et al. [35] , and they noticed that the concentration pro le was enhanced for escalating values of generalized Biot number. For further reading, see [36] [37] [38] [39] [40] .
In recent decades, many authors have dedicated serious attention to the microstructural e ect of different kinds of uid. Sabeel et al. [41] studied the upper convected Maxwell micropolar uid with a hyperbolic energy equation. They also considered the thermal radiation and the Joule heating e ects. It was observed that the micro-rotation and the temperature pro le reduced with the enhancement of the micropolar viscosity ratio parameter. Zahid et al.
[42] studied the micropolar Casson uid with an inclined magnetic eld. They mainly found that the uid velocity was enhanced with an increment in the Eckert number. In the presence of the induced magnetic eld, Atif et al. [43] ascertained the MHD micropolar Carreau nano uid, and reported that the magnetic pro le upsurged as the magnetic Prandtl number increased.
To the best of our knowledge, the micropolar uids with rheological characteristics were not reported in the past. Therefore, the main aim of this paper is to study the behavior of micropolar Carreau nano uid past a stretching sheet. The shooting method is utilized to solve the modeled problem. The aspects of all physical parameters have been displayed graphically and discussed.
Mathematical formulation
An incompressible 2D MHD micropolar Carreau nano uid past a stretching sheet is considered here. The stretching sheet is considered along the horizontal axis, and the vertical axis is normal to the stretching surface. The sheet is stretched with velocity u = ax. The ow is restricted in the region y > 0. An external magnetic eld B 0 is applied along the positive y-axis, as illustrated in Figure 1 . The induced magnetic eld is ignored due to the assumption of low magnetic Reynolds number. Simulations have been carried out in the presence of thermal radiation, Joule heating, viscous dissipation, and internal heating e ects.
Based on the above assumptions, the governing equations of the current modeled problem are as follows [4, 16, 17] : @v @y + @u @x = 0;
u @u @x + v @u @y = 3(n 1) 2 2 @u @y 2 @ 2 u @y 2 + + k @ 2 u
u @C @x + v @C @y = D B @ 2 C @y 2 + D T T 1 @ 2 T @y 2 ;
whereas the corresponding boundary conditions are as follows: u w = ax; v = 0; N = 0; T = T w ; C = C w at y = 0; u = 0; N = 0; T = T 1 ; C = C 1 ;
as y ! 1:
In the above expressions, represents the electrical conductivity; N is the angular velocity; B 0 is the magnetic eld; (C p ) f , and (C p ) p denote the speci c heat of uid, and nanoparticles, respectively; T w and C w represent the temperature and concentration on the surface, respectively; and C 1 and T 1 are the ambient concentration and the ambient temperature, respectively. In Eq. (3), is given by:
where k is the vortex viscosity, and j = =a is the micro-inertia density. In Eq. (4), q r is the Rosseland radiative heat ux and is de ned as follows [22] [23] [24] : 
As a result, Eq. (1) is satis ed identically, and Eqs. (2)-(5) yield the following:
ff 00 Mf 0 + Kg 0 f 02
We 2 f 002 f 000 = 0; 
In the above equations, Pr, K, Nb, , We, Ec, M, Nt, Rd, and Sc denote the Prandtl number, micropolar constant, Brownian motion parameter, heat generation coe cient, Weissenberg number, Eckert number, magnetic number, thermophoresis parameter, thermal radiation parameter, and Schmidt number, respectively. These parameters are formulated as follows:
Industrial and engineering quantities of interest
In industry and engineering, the skin friction coefcient, Nusselt number, and Sherwood number are important quantities.
;
The wall shear stress, w , wall heat ux, q w , and wall mass ux, j w , are given by: 
where Re x = ax 2 .
Solution methodology
The shooting method [44] is implemented to solve the system of Eqs. The computations were carried out over the appropriate bounded domain max instead of [0; 1).
Validation of code
For the validation of the MATLAB code, the values of f 00 (0), g 0 (0), 0 (0), and 0 (0), reported by Hsiao [17] , were reproduced. The computed results are in good agreement with those of Hsiao [17] , as presented in Table 1 .
Results and discussion
To examine the impact of sundry parameters on the surface drag, microrotation parameter, the Nusselt number, and the Sherwood number, Table 2 is used. It is noticed that the surface drag is intensi ed for each power law index, n, the magnetic number, M, Weissenberg number, We, and material parameter, K, which upsurges. The microrotation parameter increases as magnetic number, M, and material parameter, K, are intensi ed, whereas it is reduced due to an increment in the Weissenberg number, We, and power index, n. The rate of heat transfer increases with the rising of the power law index, n, Prandtl number, Pr, Weissenberg number, We, and thermal radiation parameter, Rd; however, the reverse trend is noticed for the Eckert number, Ec, magnetic number, M, Schmidt number, Sc, heat generation coe cient, , thermophoresis parameter, Nt, and Brownian motion parameter, Nb. The Sherwood number decreases as power law index, n, Weissenberg number, We, Prandtl number, Pr, and thermophoresis parameter, Nt, is increased, whereas it increases as the heat generation coe cient, , Brownian motion parameter, Nb, Schmidt number, Sc, thermal radiation parameter, Rd, Eckert number, Ec, material parameter, K, and magnetic number, M, increase. For simulations, the physical parameters are assigned a xed value since K = Sc = 0:2 , Pr = 7, We = M = 1, Ec = 0:02, Rd = 1, = Nt = Nb = 0:1, and n = 1:2. For all computations of this paper, the assigned value of the parameters is xed, and the varying parameter is displayed in the respective gure.
The impact of Weissenberg number We on velocity pro le f 0 () is captured in Figure 2 . The curves of this gure indicate that the uid motion and momentum boundary layer thickness are heightened when the value of We is higher. Figure 3 indicates the study of the changes in uid motion caused by material parameter, K. It is observed that the enhancement of K causes an increase in f 0 (). Figure 4 shows the analysis of the velocity pro le due to changes in the power law index, n. An acclivity in n enhances f 0 (). Physically, the higher value of n implies greater viscosity of the uid, which helps reduce the opposing force and, hence, increase the velocity pro le. Figure 5 is drawn to analyze the axial velocity due to the variation Figure 6 portrays the variation of the angular velocity, g(), caused by material parameter, K. These curves indicate that g() increases as K is boosted. Upsurging K means an increment in the viscosity of the uid, which results in an increase in the angular velocity. Figure 7 shows the variations in g() due to magnetic number, M. A decline in g() is observed for an enhancement in M, which tones up the idea of the opposing force. study the behavior of the viscous dissipation parameter, which is known as Eckert number, Ec, in the energy eld, Figure 9 is drawn. An increment in Ec causes a rise in the energy pro le. It is because an increase in dissipation improves thermal conductivity, which increases the thermal boundary layer thickness. The impact of the material parameter, K, on thermal pro le is shown in Figure 10 . It is noticed that an increase in K results in a decline in the thermal eld. The variation in the thermal eld due to the impact of the magnetic number, M, is displayed in Figure 11 . The energy eld is enhanced as the magnitude of M increases. The resistive force increases with an increment in M; as a result, the temperature is intensi ed. Figure 12 indicates variations in the energy eld caused by Pr. Increasing Pr means lowering the thermal conductivity, which results in a decline in (). The energy eld upsurges for the escalating values of thermal radiation parameter, Rd, as sketched in Figure 13 . The Brownian motion parameter, Nb, represents the random motion of the particles, and Figure 14 depicts that () is intensi ed as Nb is heightened. Figure 15 shows the changes in the temperature distribution caused by thermophoresis parameter, Nt. The particles of the hotter region are pulled to a less hot region, leading to the enhancement of the energy eld. Figure 16 represents the in uence of the power law index, n, on the temperature. The temperature pro le decreases as n decreases. Physically, a gradual increment in n reduces the temperature due to an increase in the nonlinearity. Figure 17 is sketched to investigate the behavior of the temperature due to the variation in the Weissenberg number, We. The energy eld lowers as We is enhanced. Figures 18-25 show the behavior of the concentration pro le due to changes in the parameters. Figure 18 shows the variations in the concentration eld due to changes in K. It is noticed that escalating K causes a decline in the concentration eld. Figure 19 shows Figure 20 shows the behavior of the concentration due to Prandtl number Pr. The concentration pro le is enhanced near the surface, whereas it declines when moving away from the surface. Figure 21 is drawn to ascertain the behavior of () due to the radiation parameter, Rd. This graph indicates that () decreases rst near the surface and, then, upsurges while moving away from the surface. Figure 22 explores the behavior of the Schmidt number, Sc, on (). From this graph, it is clear that () is diminished for escalating values of Sc. A greater value of the Schmidt number represents the lower mass di usivity. Accordingly, a decrease in () is noticed. Figure 23 shows that boosting the Brownian motion parameter, Nb, causes a decrease in (). Figure 24 visualizes the e ect of the thermophoresis parameter, Nt, on (). This gure represents that higher values of Nt gradually enhance (). Figure 25 observes the in uence of the Eckert number, Ec, on the concentration distribution, which indicates that () declines as Ec upsurges. Figure 26 depicts the variation in () due to the Weissenberg number, We. The concentration pro le declines as We upsurges. The in uence of the power law index, n, on () is displayed in Figure 27 . These curves re ect that boosting n results in an increment in ().
Final remarks
Two-dimensional MHD micropolar Carreau nano uid past a stretching sheet was analyzed. The emerging physical parameters were analyzed in the presence of Ohmic heating, linear thermal radiation, internal heating, and viscous dissipation. Some of the main features are:
The uid motion was enhanced as the material parameter, K, Weissenberg number, We, and power law index, n, upsurged; The energy eld was enhanced as heat generation coe cient, , thermal radiation parameter, Rd, and Eckert number, Ec, increased;
The material parameter, K, and magnetic number, M, had opposite e ects on the angular velocity; The concentration eld was enhanced as thermophoresis parameter, Nt, and the magnetic number, M, increased. 
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